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摘要 
细胞是自然界中构成生物体最基本的结构和功能单位，每一个细胞都是一个
高度有序的代谢系统，而各种组织也都是以细胞为基本单位发展而来并执行特定
的功能，整个生命有机体也是以细胞为单位协调进行新陈代谢活动。因此，在单
细胞水平上研究细胞的各种生命进程，有助于我们更好地了解自身以及各种生命
体生长发育的规律，更全面地了解环境中物种之间的相互联系与作用，也有助于
我们从根本上探寻疾病发生的机制，以指导我们寻找应对疾病的方法。然而，由
于细胞体系的复杂性、动态性和高生命活性等特点，发展无损、可靠性好的分析
技术对细胞体系生命活动进行研究具有十分重要的学术意义及应用价值。 
拉曼光谱由于能从分子水平上获取样品的本征指纹振动信息，无损且不受自
发荧光和水与二氧化碳的干扰等突出优势，特别适合于生物体系，尤其是活细胞
体系的研究。而表面增强拉曼光谱（SERS）技术因其极高的检测灵敏度，可弥补
常规拉曼信号弱的劣势，且其谱峰窄，适用于多组分检测。目前，拉曼光谱技术
作为一种新兴光谱技术已经在生物体系的研究中都发挥了重要作用。但如何在开
展研究的同时尽量保证细胞活性以及生命活动的正常进行以获得能真实反映细
胞生命过程的生物学信息仍然存在巨大挑战。尽管人们已经意识到这一问题，并
越来越重视原位细胞实验的开展，但如今大多数文献中的原位实验条件并不完善。
此外，由于细胞内生物分子浓度、分布、结构复杂，故细胞体系的常规拉曼光谱
与 SERS 光谱信息通常均十分复杂，这就需要我们尤其重视光谱数据的后续处理
与分析，才能获得有意义的生物学信息。 
针对以上问题，本论文系统探究了原位条件下的细胞拉曼实验条件，并结合
一些化学计量学方法，对细胞凋亡与细胞内吞体系展开了研究，主要内容和成果
如下： 
1. 基于原位条件下细胞易受激光损伤的现象，探究了多种物理与化学因素
对细胞耐受性的影响，确定了激光总能量阈值与细胞耐受性的关系，以及 660nm
更适合于细胞原位常规拉曼实验，而 785nm 则适合于细胞原位 SERS 实验。 
2. 运用 K-means 聚类分析与 MCR 运算方法，结合传统单变量分析数据处理
方法，获得了非原位条件下 CaSki 细胞在药物诱导凋亡前后细胞内细胞色素 c 呈
弥散状，且饱和油脂大量累积的变化规律，此外，细胞与背景之间的界限变得模
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糊。与传统分析方法相比，K-means 可以帮助我们清晰直观的分析细胞形貌，而
MCR 则能获得对比度与清晰度更高的纯物种分布图像。 
3. 运用 PLS-LDA 方法，结合统计学分析，获得了原位&非原位条件下 CaSki
细胞内吞 Au 纳米粒子过程中，粒子表面蛋白质、氨基酸、RNA 等物质由早期的
吸附到晚期脱附解离的变化规律，且相比于内吞早期的粒子，内吞晚期的粒子在
细胞内分布区域更为局限，多数分布在溶酶体内。此外，穿膜肽的修饰可以加快
粒子进入细胞以及在细胞内的运输速度，而 PEG 在粒子表面的修饰则可以有效
提高细胞内 SERS 光谱的重现性。 
关键词：常规拉曼光谱；表面增强拉曼光谱；原位细胞实验；化学计量学 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
III 
 
Abstract 
Cell is the fundamental structural and functional group of living organisms. Every cell 
is an independent, self-controlled and highly ordered metabolic system. Cells are also 
the basic units for the functioning of each tissue and the metabolism activity of the 
whole organism. So, the investigation of various life processes of cells can help us 
better understand the rule of the growth of organisms and the interactions between 
the different species in the environment, as well as discover the mechanism for 
disease to guide the cure of them. However, due to the complex, dynamic and active 
features of cells, it is of great both academic and application significances to develop 
noninvasive and reliable analytical methods for the investigation of cell systems. 
Raman spectroscopy is very suitable for the study of biological, especially cell system, 
since it is an noninvasive method that can reflect the inherent fingerprint information 
of samples and suffer little interference from auto-fluorescence and Raman signal of 
water and carbon dioxide. Surface-enhanced Raman spectroscopy (SERS) can 
overcome the shortcoming of low sensitivity of normal Raman benefited from the 
highly enhanced signal. The narrow bandwidth of SERS is also another advantage for 
multiplexed analysis. Nowadays, Raman spectroscopy is playing an important role in 
the investigation of biological system as an emerging optical method. However, it is 
still a big challenge to maintain the activity and normal cellular functions during 
experiments to get the information which can truly reflect cellular activities. Even 
though people have realized this problem and paid more and more attention to in-
situ cell experiments, most of the reported in-situ conditions are still not perfect. 
Moreover, since the concentrations, distributions and structures of bio-molecules in 
cells are complex, the acquired normal Raman and SERS spectra are usually complex 
as well. This phenomenon requires us pay special attention to further investigate and 
analyze the spectral data to get meaningful biological information. 
Concerning the questions and challenges above, this thesis systematically studied the 
appropriate condition of in-situ cell Raman experiments. We also applied several 
chemometric methods for the investigation of cell apoptosis and cell endocytosis 
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process. The main content and results are listed as follows: 
1. Based on the light induced cell damage phenomenon under in-situ cell 
experiments, we investigated the influence of various physical and chemical 
conditions on the cell viability, and established the relationship between light energy 
doze and cell viability. We also confirmed that 660nm laser is suitable for in-situ 
normal Raman cell experiments and 785nm for in-situ SERS experiments. 
2. By combining K-means clustering and MCR analysis with traditional single variate 
analysis, we obtained the merge of cytochrome c, accumulation of saturated lipid 
and the vague boundary between cells and background rule for CaSki cells after drug 
induced apoptosis under ex-situ condition. Compared with traditional data analysis 
methods, K-means can clearly distinguish the morphology of cells and MCR can 
acquire higher contrast images of pure components. 
3. By combining PLS-LDA and statistic methods, we identified the adsorption of 
proteins, amino acids and RNA in early endocytosis and the desorption of these 
species in late endocytosis. We also found that nanoparticles at the later period are 
mostly localized in lysosomes compared with nanoparticles in early endocytosis. 
Moreover, modification of nanoparticles with cell penetrating peptide can both 
accelerate the uptake and intracellular transport of nanoparticles, and the 
modification of PEG can increase the reproducibility of SERS spectra in cells. 
Key words: Normal Raman spectroscopy; Surface-enhanced Raman spectroscopy; In-
situ cell experiments; Chemometrics. 
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